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Abstract: Two-dimensional materials are popular in design of nanodevices. To improve bending stiffness of few-
layered graphene ribbon, the relative sliding between neighboring layers should be avoided by method such as 
bonding them together. In this study, the new bonds between the graphene layers in ribbon are formed by ballistic 
C60 fullerenes from both surfaces of the ribbon. Collision effects are evaluated through molecular dynamics 
simulations. The formation of the new two dimensional carbon material is demonstrated by breakage and generation 
of bonds between atoms from graphene and/or fullerenes. Note that the incident velocity of the fullerenes had an 
interval, in which both graphene and fullerenes will break and further be connected by new covalent bonds at the 
impact area. 
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1. Introduction 
Among all the carbon allotropes, graphene is the most popular low-dimensional material over the last 16 years [1]. 
Benefitting from the peculiar electron configuration of carbon atom, graphene exhibits excellent mechanical 
properties [2, 3], electrical properties [4, 5] and thermal conductivities [6], and has been applied in varies types of 
engineering [7-9]. Besides, owing to massive production with low cost, multi-layered graphene ribbon is more popular 
in engineering than the single layer sheet. Although the in-plane mechanical properties, e.g., modulus and strength, 
of graphene ribbon is excellent, its out-of-plane bending stiffness is very low [10, 11]. For multi-layered graphene ribbon, 
the super-lubrication between the adjacent layers leads to easily relative sliding, which reduces its out-of-bending 
stiffness, and therefore, confines its potential application in the nano-electro-mechanical system (NEMS). 
To improve its bending stiffness, structural modifications on the prestine multi-layered graphene ribbon are required. 
For example, people developed diamond film [12-14]. Such sp2/sp3 composited material has excellent mechanical 
properties both in-plane and out-of-plane. By putting two or more layers of graphene at high pressure, Martins et al. 
[15] tested the phase transition that leading to diamondene. The thermal and mechanical properties of the nanotube 
that made from diamondene were also predicted [16-18]. Chernozatonskii et al. [19] studied diamane (C2H layer) of its 
mechanical and electrical properties [20, 21]. Jiang et al. [22] theoretically proposed a new double-layered carbon 
allotrope that has strain-dependent bandgap. Yang et al. [23, 24] formed nanotextures from graphene ribbons. However, 
large-scale synthesis of these structures is hindered by the high pressures needed to initiate the graphene-diamond 
phase transformation. Apart from the above graphite-based materials, new 2D carbon materials based on other low 
dimensional carbon materials, such as carbon nanotube [25-27] and fullerenes [28], were also proposed. For instance, 
Baughman and Galvão [29] presented a carbon network that has auxetic property. Hall et al. [30] suggested a model of 
buckypaper from carbon nanotubes. Xu et al. [31] used graphene and carbon nanotubes to form a three dimensional 
network. 
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Meanwhile, there are other techniques, e.g., irradiation methods [32-36] and shot peening methods [37, 38], were also 
introduced to form new carbon structures from graphene. By using oblique ion beam irradiation, Bai et al [33] obtained 
many types of nano-porous graphene with tunable geometries. Using molecular dynamics (MD) method, Abdol et al 
[32] built a three-dimensional graphene networks via silicon ion beam irradiation. In a series reports by Sadeghzadeh 
[34, 39-42], the graphene sheets were impacted with various kinds of high speed projectiles, and the effects of several 
parameters on the rupture form and penetration-resistance efficiency of the graphene ribbons were evaluated 
systematically. In the experiments by Eller et al. [43], few layered graphene were bombarded with golden nanoparticles, 
and the ejection of ions from graphene were characterized. Similarly, the ions and electrons emitted from a keV 
fullerene after colliding a few-layered graphene were studied both experimentally and numerically [44, 45]. In 
simulations, adaptive intermolecular reactive bond order (AIREBO) potential [46] was used to describe the interaction 
among carbon atoms. Golunski and Postawa [47] discussed the effect of initial speed and impact angle of keV C60 on 
emission of carbon atoms from graphene after collision. Using MD method and AIREBO potential, Becton et al. [48] 
proposed a programmable design scheme of nano-porous graphene by impacting ideal graphene with high speed 
fullerenes, in which the sizes and layout of the pores could be well controlled. Liesegang and Oligschleger [49] 
investigated the density of states of the graphene structures grafted with fullerenes. Hosseini-Hashemi et al. [50] 
investigated the vibration of a graphene impacted by a fullerene using both analytical model and MD simulations. 
Combined ab initio calculation with finite element simulation, Signetti et al. [51] study the ballistic properties of 2D 
materials (boron nitride, graphene, or alternated graphene and boron nitride) under impact of extremely high speed 
C60. From this research, design of 2D materials-based nanocomposites for armors was enhanced. 
Despite the recent success in impacting graphene by irradiation method or shot peening method, most of them aim 
to protect the structures and devices from the penetration of high-energy impacting projectiles. Obviously, little 
attention has been paid on the carbon network that formed after the collision, not to mention the quantitatively 
assessment of the bonding changes at an impact area. When a multi-layered graphene ribbon is penetrated by 
fullerenes, many carbon-carbon bonds in the graphene will break, while some new bonds may generate between the 
collision-induced unsaturated atoms. The newly formed bonds at the impacted area may form a new carbon network, 
which will connect the neighboring layers in the ribbon.  
In this work, we adopt the shot peening method to form a new 2D carbon material from multi-layered graphene 
ribbons, which intends to prevent the relative sliding between neighboring layers and improve the out-of-plane 
bending stiffness of graphene ribbon. C60 fullerenes are introduced as shot blast stream to “weld” the layers of 
graphene in ribbon from both sides. The injection velocity of fullerene that can penetrate the ribbon is estimated with 
respect to one to four layers of graphene ribbons at 300 K. In particularly, the bond breakage and generation during 
collision are will be assessed. A fundamental understanding of the formation mechanism for the carbon network will 
be analyzed. 
2. Model and methods 
2.1 model 
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Figure 1 Schematic of shot peening to a few-layered graphene ribbon. (a) In a periodic cell, an m-layered graphene 
ribbon with A-A stack is subjected to collision by two fullerenes (namely B1 and B2) from both sides. High 
speed fullerenes that play as shot blast stream have the same incident velocity (i.e., v1=v2, perpendicular to 
the ribbon) and the same initial distance with the central layer (C.L.) of the ribbon (i.e., d1=d2 > 20 Å). (b) 
A ribbon with 5×3 periodic cells. 
In Figure 1a, a model with m=4 for shot peening test is given. Each layer of the ribbon contains 2400 carbon atoms. 
In simulation, m=1, 2, 3 and 4 are involved. When m=1, only Layer 1 (L1) exists in the model. Similarly, when m=2, 
L1 and L2 exist. When m=3, L1, L2 and L3 exist. The initial distance between the adjacent graphene layers is identical 
to 0.34 nm.  
The injection velocities of fullerenes are specified symmetrically and simultaneously. In this study, one purpose is to 
find the injection velocity interval of the nanoballs when impacting a graphene ribbon. For example, the lower 
boundary of the interval is set as the minimal incident velocity at which the two fullerenes covalently bond with the 
graphene after collision. With injection velocity smaller than that, the fullerenes will be bounced back from or 
just attracted upon the graphene ribbon via the non-bonding interaction. However, if the incident velocity is 
higher than the upper boundary of the interval, the nanoballs may penetrate the ribbon and some carbon 
atoms escape from the structure. 
To form a network during collision, some bonds in the nanoballs and the graphene ribbons need to be broken, and 
then some of the unsaturated atoms will bond together, i.e., forming new bonds. When the neighboring layers in the 
multi-layered ribbons are connected by the new carbon-carbon bonds, a new 2D carbon network is obtained. Hence, 
another task of present study is to evaluate the collision-induced damage and quantitatively reveal the bond 
breakage and generation between nanoballs and graphene ribbons during the collision.  
2.2 Methodology 
The injection velocity interval with respective to a graphene ribbon with given layers is searched from the initial 
interval of [0, 200] Å/ps (1 Å/ps =0.1 km/s) by bi-sectioning method. Besides, the accuracy of the interval is set as 5 
Å/ps with consideration of the influence of randomly thermal vibration of atoms in the system.  
To reflect the state of the graphene ribbon during the collision, the variation of potential energy (VPE) of ribbon is 
recorded by subtracting the current potential energy from its initial value, i.e., 
 4 / 19 
VPE(t) = PE(t) – PE(t0),                                  (1) 
where PE(t) and PE(t0) are the potential energy of the graphene ribbon at times t and t0, respectively. The value of 
PE(t) can be obtained by substituting the positions of atoms in the graphene ribbon at time t into the AIREBO potential 
function. 
During the collision, the configuration of fullerenes and the graphene ribbons as well as the detailed information of 
bond breakage and formation between them is visualized and counted by the Ovito [52], a type of visualization 
software for post-processing.   
To obtain the velocity interval and the responses of the ribbon and the nanoballs, molecular dynamics simulation 
approach is adopted. The simulations are carried out on the large-scale atomic/molecular massively parallel simulator 
(LAMMPS) [53]. Considering electric neutrality, the interaction between the carbon atoms is evaluated by AIREBO 
potential [46], which contains three items, i.e., item one is the reactive empirical bond order (REBO) part for describing 
the bond-ordered short-range interaction, item two is the torsion part to consider the dihedral effect in the local 
deformation, and the final item is the Lennard–Jones (L-J) potential [54] to describe the long-range non-bonding 
interaction between two atoms with a distance smaller than 1.02 nm. 
In each simulation, there are four major steps: 
(1) Build the initial model with specified components (e.g., an m-layered ribbon and two fullerenes) and given 
geometry as shown in Figure 1a. 
(2) Fix the two fullerenes, and relax the graphene ribbon in the canonical (NVT: constant Number of atoms, constant 
Volume and Temperature of system) ensemble for 200 ps with timestep of 0.001 ps. The temperature is 
controlled to be 300 K by the Nose-Hoover thermostat [55, 56].  
(3) After relaxation, two fullerenes start to move toward the ribbon with the same speed. The collision process with 
duration of 3 ps is simulated at NVE (constant Number of atoms, constant Volume and Energy of system) 
ensemble. To precisely reveal the collision process, the timestep is reduced to 0.05 fs.   
(4) After collision, the whole system will be relaxed in an NVT ensemble again for 300 ps. The timestep is 1.0 fs, 
and the temperature is still 300 K. 
3. Numerical tests and discussion 
3.1.  The critical intervals of injection velocities of fullerenes 
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Figure 2 Physical properties of the single-layered graphene ribbon (m=1) collided by two fullerenes at 300 K. (a) 
Variation of potential energy (VPE) of graphene L1. (b) Traces of the two fullerenes in z-direction. (c) 
Snapshots of the system during collision with v=115 Å/ps. 
Using bi-sectioning method, the intervals of injection velocities for the four models are obtained. When the injection 
velocities of the two fullerenes are in the interval, the fullerenes will “fuse” onto the ribbons and fail to escape. Briefly, 
when m=1, i.e., single layer of graphene impacted, the interval converges at [115, 135] Å/ps. For m=2, the interval is 
[130, 165] Å/ps. The interval is [140, 200] Å/ps for m=3, and [160, 260] Å/ps for m=4. Here, both the lower and 
upper limits of interval increase when the ribbon contains more layers of graphene. The reason is that with more 
layers support each other during collision, the fullerenes need higher initial kinetic energy to break them. 
Results also indicate that the lower and upper limits of an interval are determined by the both states of fullerenes and 
graphene after collision. When m=1, the dynamic responses of the two fullerenes and graphene L1 are illustrated in 
Figure 2. In Figure 2a, large amplitude of fluctuation of the VPE curves is caused by two reasons. One is the bond 
breakage and generation during collision. The other is mechanical vibration of the damaged graphene during collision. 
Besides, the peak value of VPE with respect to v=115 Å/ps is higher than that of v=110 Å/ps but lower than those of 
v=135 and 140 Å/ps. From the inserted snapshots in Figure 2a, we find that the two fullerenes are just bonded slightly 
with the damaged graphene after collision with v=110 Å/ps. However, the nanoballs break after collision and the 
graphene is damaged heavier when v=115 Å/ps (Movie 1). Hence, higher incident velocity of fullerenes leads to 
heavier damage of graphene and nanoballs after collision, and further causes higher peak value of VPE. The VPE 
curves with respect to v=135 and 140 Å/ps differ slightly, which indicates that the graphene ribbons have the same 
level of damage after collisions. 
In Figure 2b, the z-distances of the two fullerenes are drawn at four different cases. For each collision, the two curves 
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have the same color. As the two balls have the same initial distances (d1=d2) away from the graphene, the first 
intersection happens at z=0 for each case. But later, the four pairs of curves show different characteristics. For 
example, the first troughs in the four solid lines, which means the fullerenes have the maximum displacement along 
their injection paths (480 fs in Figure 2c), appear later at higher incident velocity.  
After approaching the maximum displacement, the balls start to bounce back from the graphene. Except the case with 
respect to v=140 Å/ps, each of the rest curves has a second intersection, which means that the graphene bonded with 
fullerene bounces back for the first time to the initially equilibrium position (z=0) (1160 fs in Figure 2c). It is found 
that the second intersection happens later at higher injection velocity. Like moving further needs longer time, 
bouncing back also requires more time. The damaged graphene together with fullerenes does not stop after 
approaching at z=0, because the atoms on fullerenes have collected translational kinetic energy during the bouncing 
back process. Therefore, the atoms keep moving till they have the maximal opposite displacements (2480 fs in Figure 
2c). After that, they bounce back again. But this time, their velocities have the same direction as the related fullerene’s 
initial injection velocity (2600 fs in Figure 2c). As they meet at z=0 again, a period of mechanical vibration of 
graphene is completed. Clearly, fluctuation of the trace curves in Figure 2b indicates that the fullerenes are not 
bouncing synchronously with their connected part of the graphene. This can be verified by the difference of the 
snapshots with respect to 1940 fs, 2150 fs, and 2340 fs in Figure 2c. 
Figure 2b also indicates that the period of vibration of the graphene with respect to v=110 Å/ps is ~3 ps, which is 
lower than that with respect to v=115 Å/ps. But the period becomes shorter when v=135 Å/ps. The reason is that the 
graphene and the fullerenes are damaged seriously. For the case of v=140 Å/ps, the solid curve decrease continuously 
because some atoms on B2 escape from the graphene after collision. 
3.2. Bond breakage and generation during collision 
(a) Bonds between atoms in graphene and fullerenes  
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Figure 3 Histories of bond number in single-layered graphene ribbon system. (a) The numbers of broken bonds in 
graphene (L1) and fullerenes (B1 and B2) with v =115 Å/ps. (b) Generation of new bonds between 
fullerenes and graphene when v =115 Å/ps. (c) The numbers of broken bonds in graphene and fullerenes 
when v =135 Å/ps. (d) Generation of new bonds between fullerenes and graphene when v =135 Å/ps. 
Snapshots of the two impact areas at 3 ps are inserted in (b) and (d). The cutoff for bond length is 1.65 Å, 
i.e., two atoms with distance higher than the cutoff cannot covalently bonded. 
As aforementioned, the lower and upper limits of the incident velocity of the two fullerenes are 115 Å/ps and 135 
Å/ps, respectively, in collision with a single-layered graphene ribbon. To show the collision effect, statistics of the 
broken bonds in the three components and the new bonds are given in Figure 3. Considering stable and strong 
interaction between two atoms, the cutoff of bonds in statistics is set to be 1.65 Å. This criterion will be adopted 
throughout the paper, unless otherwise stated.  
When the nanoballs have the lower speed, i.e., 115 Å/ps, to collide with the graphene from both sides simultaneously, 
both fullerenes and graphene are broken, and they are finally connected by covalent bonds. The number of broken 
bonds in graphene L1 is between 35 and 40 during collision (Figure 3a). During the period, each fullerenes have 
almost the same number of broken bonds, approximately 16. Broken bonds in the three components provide 
opportunity for generation of new bonds between neighboring unsaturated atoms. Figure 3b indicates that the two 
broken balls have different number of covalent bonds with graphene. The number of new bonds between B1 and L1 
is about 15, which is lower than that (~20) between B2 and L1. The summation of new bonds is approximately equal 
to the broken bonds in L1. From the inserted snapshots in Figure 3b, the local bond configurations at the two 
areas are also different. The reason is that the thermal vibration of atoms on graphene lead to asymmetric 
collision with the two nanoballs. Hence, one can conclude that synchronous collision by two nanoballs does not 
mean that they will have identical connections with the graphene.  
If improving the incident velocity to the upper limit, i.e., 135 Å/ps, the three components have higher number of 
broken bonds than at lower speed collision. It is reasonable that stronger collision lead to heavier damage of the three 
components. For example, the broken bonds in graphene L1 is higher than 50. Fullerene B1 has ~27 broken bonds, 
but B2 has ~38 broken bonds after collision (Figure 3c). Most atoms in the two seriously damaged fullerenes are 
captured by the graphene L1 with larger number of covalent bonds (Figure 3d). The total number of new bonds is 
lower than the number of broken bonds in L1. It says that the graphene is seriously damaged, which can be verified 
by the snapshots at two impact areas at 3 ps. Dangling bonds can be found in the system after collision. Especially, 
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from the snapshot with respect to “135” in Figure 2a, some atoms on graphene escape from the system after collision. 
(b) Bonds between atoms in graphene  
 
Figure 4 Carbon network, i.e., bond layout (at 3 ps), of the system with two layers of graphene (L1, L2) collided by 
fullerenes (B1, B2) with v =165 Å/ps. (a) Side- and oblique-views of the ribbon. (b) The B2 impact area. 
(c) New bonds at the B2 impact area. After collision, some fullerene atoms bond with the atoms from the 
damaged graphene. B2-L1 and B2-L2 mean the bonds between atoms on B2 and L1 or on B2 and L2, 
respectively. L1-L2 means bond between the two layers of graphene. 
When the multi-layered graphene ribbon is impacted by high-speed fullerenes, new bonds are generated between 
atoms in neighboring layers. For example, using two fullerenes with the same incident velocity of 165 Å/ps to collide 
with the two-layered graphene ribbon, the two layers are bonded after collision. The snapshot at 3 ps as shown in 
Figure 4 is chosen to show the layout of bonds at impacted areas. The global configuration in Figure 4a indicates that 
the two nanoballs penetrate the two layers of graphene, and some atoms escape from them after collision. By 
magnifying the local area collided by B2, we find that both layers of graphene and B2 have been seriously damaged 
and they are connected by covalent bonds of B2-L1, B2-L2 and L1-L2. Most atoms on fullerene B2 are between the 
two layers of graphene. Hence, the two layers can be considered as being “welded” by fullerene. After filtering the 
L1-L2 bonds from the total bonds (Figure 4c), we find that there are 15 bonds being generated after collision. Through 
the L1-L2 bonds, both layers of graphene have no chance to slide relatively as that happening between two layers of 
ideal graphene. 
Now, we raise two questions: Can multi-layered graphene ribbon be welded by high-speed fullerenes? And what 
is the configuration of the new bonds between neighboring or non-neighboring layers after collision? To answer 
the questions, we analyze the bond layout at the damaged areas in the ribbon with three or four layers of graphene. 
Meanwhile, further 300 ps relaxation for the system are fulfilled after 3 ps of collision. The stability of the final 
configuration of the damaged graphene ribbon is evaluated after full relaxation. If the three-/four-layered ribbon 
can be welded via collision with fullerenes, logistically, the thicker ribbon can also be welded by the fullerenes 
with higher speed. 
3.3. Carbon networks in multi-layered graphene ribbon after collision 
(a) Three-layered ribbon 
When the three-layered graphene ribbon is collided by the two fullerenes with v=140 Å/ps (Figure 5a), they have 
different numbers of broken bonds, e.g., 12 in L1 and 22 in L3, respectively. The numbers of broken bonds are not 
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identical, but both are higher than that in the middle layer L2. Hence, the surface layers are damaged heavier than the 
middle layer during collision. The snapshots also illustrate that the two fullerenes break with different degrees, which 
can be verified from the difference of their VPE curves shown in Figure 6a. They are connected with the 
corresponding surface layers via different number of new bonds. For example, there are 10 to 13 B1-L1 bonds and 
14 to 19 B2-L3 bonds. We also find that B1 is not covalently bonded with L2 or L3, and B2 is not bonded with L1 
or L2. It means that the two fullerenes do not penetrate the three layers at such incident velocity.  
Although the middle layer L2 has no covalent bond with the two fullerenes, it has new bonds to connect the 
two surface layers, e.g., the numbers of L1-L2 and L2-L3 bonds are non-zero. However, the two numbers of bonds 
are also different due to asymmetric collision. Meanwhile, the two surface layers have no covalent bonds during 
collision because the fullerenes do not penetrate the whole graphene ribbon. 
In Figure 5b, two fullerenes with higher incident velocity of 200 Å/ps penetrate the three-layered ribbon successfully 
within one pico-second. This can be verified by the covalent bonds generated between B1 and L3 or B2 and L1. For 
example, at 2900 fs, there are 4 B1-L3 bonds and 2 B2-L1 bonds. 
Impacted by such high-speed fullerenes, the three layers of graphene have large number of broken bonds, e.g., at 
2900 fs, they subsequently have 61, 97 and 78 broken bonds. Among the three layers, the middle layer has the highest 
number of broken bonds because it is penetrated by both fullerenes. Hence, two large damaged areas appear in the 
middle layer after collision, and lead to the highest increasing of potential energy (see L2 curve in Figure 6b). It also 
means that neighboring layers have chance to form covalent bonds with each other. For example, at 870 fs, there are 
35 L1-L2 bonds and 40 L2-L3 bonds. 
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Figure 5 Snapshots of the three-layered graphene ribbons system during collision with incident velocities of (a) 
v=140 Å/ps, (b) v=200 Å/ps. The numbers of broken bonds and new bonds between different components 
at both impact areas are listed. “GN” means graphene. 
It is necessary to demonstrate that new bonds between the atoms from both surface layers are also generated after 
collision. For example, there are 3 L1-L3 bonds at 870 fs, or 6 bonds at 2900 fs. However, the new bonds do not 
connect the two surface layers with distance of ~7 Å, which is far greater than the cutoff 1.65 Å. During collision, 
some atoms on L1 are pushed away by B1. They penetrate the middle layer, and are finally captured by L3. Similarly, 
some atoms on L3 penetrate the middle layer, and are captured by L1. This is the reason for the generation of new 
L1-L3 bonds during collision. 
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Figure 6 Histories of VPE of the three layers in ribbon and two fullerenes during colliding with (a) v=140 Å/ps, (b) 
v=200 Å/ps at 300 K. 
(b) Four-layered ribbon 
When the ribbon contains four layers of graphene, the lower limit of incident velocity for the two fullerenes increases 
to 160 Å/ps, and the upper limit becomes 260 Å/ps. Impacted by the two fullerenes with speed of 160 Å/ps, the 
representative snapshots together with the bond variations are given in Figure 7a. Comparing with the three-layered 
ribbon, the four-layered ribbon is stiffer, and has smaller deformation when they are compacted by the same fullerenes 
with same speed. Hence, to break the bonds in the layers, the two fullerenes should have higher incident velocity.  
During collision, the two surface layers (L1 and L4) have more broken bonds than middle layers (L2 and L3). For 
instance, at 2679 fs in Figure 7a, the four layers have 33, 26, 17 and 27 broken bonds, respectively. According to the 
new bonds between C60 and graphene ribbons (i.e., C60-GNs), both fullerenes penetrate the three layers of graphene. 
But, B1 have more covalent bonds connecting with graphene than B2. During collision, the two middle layers have 
higher increasing of potential energy than the two surface layers (Figure 8a). The difference of VPE between the two 
middle layers or between the two surface layers is not obvious. Due to asymmetric collision, the two fullerenes have 
different values of VPE at 3 ps. One major reason is that the two damaged fullerenes have different bonding state 
with the ribbon.  
As the graphene ribbon is broken by the two fullerenes, the neighboring layers are bonded together, and carbon 
network are formed. For example, at 540 fs, there are 17 L1-L2 bonds, 11 L2-L3 bonds and 14 L3-L4 bonds. At 2679 
fs (Figure 7a), there is a new bond connecting L2 and L4, which is caused by collision of B2. But the number of L1-
L4 bond is always zero. The neighboring layers, e.g., L2-L3, have only 8 new bonds. Hence, the four layers are not 
connected tightly. 
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Figure 7 Snapshots of the four-layered graphene ribbons system during collision with incident velocities of (a) 
v=160 Å/ps, (b) v=260 Å/ps. The numbers of broken and new bonds at both impact areas are listed. “GN” 
means graphene. 
To improve the connection among the four layers of graphene, velocities of the two fullerenes are increased to 
be 260 Å /ps (Movie 2, Movie 3). Figure 7b gives some snapshots of the system within 3 ps of collision. At 178 fs, 
bonds of L1-L3 and L2-L4 have been generated. At 725 fs, bonds L1-L4 appear. At 2800 fs, there are 10 L1-L3 bonds, 
21 L2-L4 bonds and 3 L1-L4 bonds. The neighboring layers, e.g., L2 and L3, have more than 50 new bonds, which 
means that the four layers are well connected after collision. In this case, the lower number of L1-L4 bonds does 
not mean the two fullerenes do not fully penetrate the four layers of graphene. From the snapshot at 725 fs, one can 
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find that L1 has been penetrated by B2 (red ball), and L4 is penetrated by B1. According to the VPE curves of the 
four layers in Figure 8b, L2 and L3 have different damage state, e.g., L3 is not well bonded with its neighboring 
graphene or fullerenes during collision. However, in this case, the VPE curves of B1 and B2 are different slightly. 
The reason is that they have similar number of new bonds with graphene. For example, at 2800 fs, there are 
77(=30+31+15+1) new bonds between B1 and graphene, or 78(=11+11+33+23) new bonds connecting B2 and 
graphene. 
 
Figure 8 Histories of VPE of the four layers of graphene and two fullerenes during collision with (a) v=160 Å/ps, 
(b) v=260 Å/ps. 
3.4. Relaxation of graphene ribbons after collision 
 
Figure 9 Histories of VPE of different layers in graphene ribbons after collision. (a) The three-layered ribbon 
collided by the fullerenes with v=200 Å/ps. (b) The four-layered ribbon collided by the fullerenes with 
v=260 Å/ps. 
After 3 ps of collision, we remove all the atoms that escape from the ribbon and put the remained part in NVT 
ensemble with temperature of 300 K. After 300 ps of relaxation, the carbon network, i.e., the local layout of new 
bonds, changes slightly. From the VPE curves shown in Figure 9a, we find that the system tends to be stable within 
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20 ps for the three-layered ribbon. The small difference between VPE values of the two surface layers, i.e., L1 and 
L3, is caused by their asymmetric collision with fullerenes. Even after relaxation, they still have different bond 
configurations at the two impact areas. Compared with the two surface layers, the middle layer L2 has larger 
descend of its potential energy. Similarly, in Figure 9b, the two VPE curves of L1 and L4 almost coincide, and the 
VPE of L2 and L3 decrease greater than that of L1 and L4.  
(a) Three-layered ribbon 
 
(b) Four-layered ribbon 
 
Figure 10 Local new bonds between different layers at the B1 impact area before and after 300 ps of relaxation. Nd 
is the maximum damage length. (a) On the three-layered ribbon after impacted by the fullerenes with v=200 
Å/ps. The width of the B1 damage area is Nd =16.69 Å. (b) On the four layered ribbon after impacted with 
v=260 Å/ps. Nd =19.94 Å. The cutoff for bond length is 1.65 Å. 
 
To show the stability of the network formed between graphene and fullerenes, we draw the bond 
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configurations at the B1 impact area on both three-layered (Figure 10a) and four-layered ribbons (Figure 10b). 
For example, with a cutoff of 1.65 Å, there are 97 new bonds at the B1 impact area in the three-layered ribbon after 
collision. After relaxation for 300 ps, there are 101 new bonds in the same region, which means that four more bonds 
being generated during relaxation. As listed in Table 1, two of the four bonds are generated between neighbor layers. 
When increasing the cutoff to 2 Å, there are only two new B1-L1 bonds being generated after relaxation, and no new 
bond is generated among the three layers. At 300 ps, the number of new bonds with cutoff of 2.0 Å is five (=106-
101) more than that of 0.65 Å, including 4 weaker B1-L1bonds. The number is less than 5% of the total number of 
new bonds. Hence, the layout of new bonds formed by collision is stable. 
In the four-layered ribbon, there are 185 new bonds shorter than 1.65 Å at the B1 impact area after collision (Table 
1). Nine bonds are generated after 300ps of relaxation, and seven of them are generated between neighboring 
damaged layers. After relaxation, there are 7 (=201-194) bonds with lengths between 1.65 Å and 2 Å, i.e., ~3.5% 
new weaker bonds are generated. Hence, the B1 impact area is mostly covered by strong covalent bonds. 
Table 1 Number of new bonds at the B1 impact area in the damaged ribbons before (0 ps) and after (300 ps) relaxation 
when bond length has different cutoffs. 
 Three-layered ribbon   Four-layered ribbon 
Cutoff=1.65 Å  Cutoff=2.0 Å   Cutoff=1.65 Å  Cutoff=2.0 Å 
Bond 0 ps 300 ps  0 ps 300 ps  Bond 0 ps 300 ps  0 ps 300 ps 
L1-L2 25 26  26 26  L1-L2 40 41  41 41 
L1-L3 2 2  2 2  L1-L3 6 7  6 7 
L2-L3 16 17  18 18  L1-L4 1 1  1 1 
B1-L1 33 35  37 39  L2-L3 26 28  29 29 
B1-L2 15 15  15 15  L2-L4 7 8  8 8 
B1-L3 6 6  6 6  L3-L4 28 30  32 31 
       B1-L1 32 30  32 33 
       B1-L2 30 32  34 34 
       B1-L3 14 16  14 16 
       B1-L4 1 1  1 1 
Total 97 101  104 106  Total 185 194  198 201 
4. Conclusions 
To prevent the relative sliding between neighboring layers of a few-layered graphene ribbon and improve its bending 
stiffness, we adopt high-speed C60 fullerenes to collide with the ribbon from both sides at room temperature. 
Molecular dynamics simulations are used to illustrate the collision effect on the configurations of the ribbons with 
consideration of the number of graphene layers and the injection velocity of the fullerenes. Results are discussed and 
some conclusions are drawn as below.  
(1) When peening the graphene ribbons with one to four layers, the intervals of injection velocity of C60 fullerenes 
are [115, 135] Å/ps, [130, 165] Å/ps, [140, 200] Å/ps, and [160, 260] Å/ps, respectively. The boundaries of the 
intervals increase with the number of layers due to support from neighboring layers.  
(2) Even impacted by synchronous fullerenes with same speeds, the newly formed carbon networks at the two impact 
areas are different due to asymmetric collision effect induced by the thermal vibration of atoms on the graphene. 
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(3) After being impacted by the C60 fullerenes with velocity within the interval, the neighboring layers of graphene 
will be connected via the newly formed carbon network, and they cannot slide relatively anymore. 
(4) The newly formed carbon network at impact areas is mostly covered by strong carbon-carbon covalent bonds, 
which is stable at 300 K.  
Using the present peening-like method with high-speed fullerenes, a new 2D carbon material can be fabricated. 
Besides, the density of welding points (impact areas) and the thickness of the new carbon material can be well 
controlled, which will benefit its theoretical modeling and applied research, as well as relevant in several areas of 
technology, such as materials science and engineering, automotive, aerospace, and defense armor. 
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